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A possible scenario for electric-field induced critical current enhancement in screw dislocated 
YBCO thin films is proposed based on the converse piezoelectric effect originated from a heavily 
defected medium of the superconducting films in an applied electric field. The magnitude of the 
effect is found to depend concurrently on the film thickness and the number of dislocations inside 
a superconductor. 



^1" 

(N 



PACS numbers : 74.75, 74.60M, 77.60 



o 
o 

Of 



1 

-a 
c 

o 
o 



> 

(N 

m 
in 
o 
o\ 

On 

-1— > 
c3 



1 

C 

O 

o 



X 



Recent experimental results on electric-field induced 
critical current enhancement in screw dislocated high- 
T c thin films 1 ' 2 have been treated as evidence for the 
field-induced modulation of the mobile charge carriers 
density 3-5 . Since high-T c superconductors (HTS) is sup- 
posed to have a rather low concentration of carriers, one 
could expect the field effects to be quite pronounced in 
these materials. However, even in extremely thin films (of 
a few unit cells thick), a rather large breakdown voltage 
(of 20-30F) is required to produce an essential modula- 
tion of the charge carrier density, and thus to substan- 
tially enhance the critical currents 1-5 . At the same time, 
the use of the sputtering technique as well as a laser ab- 
lation to prepare thin enough HTS films was found 6-8 to 
bring about a tremendous density of numerous extended 
defects (such as screw and edge dislocations) in these 
thin films. It is worthwhile to mention that dislocation- 
induced pinning force enhancement in zero electric field 
has been observed earlier practically for the same thin 
films 7 . On the other hand, it is well-known 9 ' 10 that in 
ionic crystals dislocations can accumulate (or trap, due 
to the electric field around their cores) electrical charge 
along their length. Then, application of an external elec- 
tric field, in the geometry similar to that used in the so- 
called "superconducting field-effect transistor" (SuFET) 
devices 1-5 , can sweep up these additional carriers, re- 
freshing the dislocation cores, that is releasing the dis- 
location from a cloud of point charges (which, in field- 
free configuration, screen an electric field of the dislo- 
cation line for electrical neutrality). Utilizing the ionic 
(perovskite-like) nature of the HTS crystals 11 , in the 
present paper a possibility of the electric field induced 
converse piezoeffect and its influence on the critical cur- 
rents enhancement in screw dislocated YBCO thin films 
is discussed. 

As is well-known 8-10 , the charges on dislocations play 
a rather important role in charge transfer in ionic crys- 
tals. If a dislocation is oriented so that it has an excess of 
ions of one sign along its core, or if some ions of predom- 
inantly one sign are added to or removed from the end 



of half-plane, the dislocation will be charged. In thermal 
equilibrium it would be surrounded by a cloud of point 
defects of the opposite sign to maintain electrical neu- 
trality. A screw dislocation can transport charge normal 
to the Burgers vector if it can carry vacancies with it. 
Piezoelectric effect, that is a transverse polarization in- 
duced by dislocation motion in ionic crystals, is certainly 
cannot be responsible for large field-induced effects in 
YBCO thin films because of too low rate of dislocation 
motion at the temperatures used in these experiments 
(another possibility to observe the direct piezoeffect in 
dislocated crystals is to apply an external stress field 9 ). 
On the contrary, the converse piezoeffect, i.e., a change 
of dislocation-induced strain field in applied electric field 
can produce a rather considerable change of the critical 
current density in screw dislocated HTS thin films. In- 
deed, according to McElfresh et al. 8 (who treated the cor- 
relation of surface topography and flux pinning in YBCO 
thin films), the strain field of a dislocation can provide a 
mechanism by which the superconducting order param- 
eter can be reduced, making it a possible site for core 
pinning. The elastic pinning mechanism could also be 
responsible for the large pinning forces associated with 
dislocation defects. There are two types of clastic pin- 
ning mechanisms possible, a first-order (parelastic) in- 
teraction and a second-order (dielastic) interaction. In 
the case of a screw plane defect, the parelastic pinning 
can be shown to be negligible 8 . However, the dielastic 
interaction comes about because the self-energy of a de- 
fect depends on the elastic constants of the material in 
which it forms. Since the crystalline material in a vor- 
tex core is stiffer, there is a higher energy bound up in 
the defect. For a tetragonal system with a screw dis- 
location, the energy density due to the defect strain is 
(l/2)C44e| 4 , where C44 is the shear modulus and £44 is 
the shear strain. For a screw plane, £44 = b/2nr, where 
r is the distance from the center of the defect and b is 
the Burgers vector of the defect. The interaction energy 
density between the vortex and the screw plane is just 
(l/2)(5C44e4 4 , where 6C44 is the difference in shear mod- 
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ulus between superconducting and normal regions. For 
a vortex a distance r away from the defect, the interac- 
tion energy and the pinning force (per unit length) read, 
respectively 8 



and 
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Taking the recently reported for YBCO values of C44 = 
8 x 10 10 7V/m 2 and SC44 = 10 -5 C 4 4, setting r = £ 
and using a value of b = 12 x 10 -10 m, the authors of 
Ref.8 obtained a pinning force per unit length to be 
J- p = — 10~ 4 -/V/t7j, which corresponds to a critical cur- 
rent density of J c = 5 x 10 10 A/m 2 using the single 
vortex limit, T v = J c &o- These estimates reasonably 
agree with the J c found recently in dislocated YBCO 
thin films 1,7 . Turning to the field-induced SuFET-type 
experiments 1-5 , we argue that an applied electric field 
can essentially modify the shear strain field of disloca- 
tion 



644(E) = e 44 (0) + Se M (E), 



(3) 



where the change of the dislocation-induced strain field 
in the applied electric field E is defined as follows 9 



6644(E) = d,44eoe r E = d,44eoe r E cos 9 



(4) 



Here, ^44 is the absolute value of the converse piezoef- 
fect coefficient, 9 stands for the angle between the screw 
dislocation line and the direction of an applied electric 
field, e r is the static permittivity which takes account of 
the long-range polarization of the dislocated crystal, and 
e = 8.85 x \{r 12 F/m. 

In view of Eqs.(l)-(4), field-induced converse piezoef- 
fect results in the following changes of the interaction 
energy £4 and the pinning force density T p , respectively 
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and .Fp(O) denotes the pinning force density at zero elec- 
tric field (see Eq.(2)). According to Whitworth 9 , the con- 
verse piezoeffect coefficient CL44 in ionic dislocated crystals 
can be presented in the form 



— = qpb 

"44 



(8) 



Here p is the dislocation densityand q = e* / L is the 
effective electron charge e* per unit length of dislocation 
L (in fact, L coincides with the thickness of the YBCO 
films 1 ). 

To attribute the above-mentioned mechanism to the 
field-induced changes of the critical current densities in 
dislocated YBCO thin films, we propose the following 
scenario. Depending on the gate polarity, a strong ap- 
plied electric field will result either in trapping the addi- 
tional point charges by dislocation cores (when cos# = 
— 1) reducing the pinning force density, or in sweep- 
ing these point charges (surrounding the dislocation line 
to neutralize the net charge) up of the dislocation core 
(for the opposite polarity when cos 9 = +1), thus in- 
creasing the core vortex pinning by fresh dislocation 
line. To make our consideration more definite, we as- 
sume that the total critical current density J c consists 
of two main contributions, the core pinning term J cm 
which has the usual form of J cm = ^o/Wnpo^X 2 (see, 
e.g. 7 ' 8 ), and the field-induced diclastic pinning by dis- 
locations, J c d(E) = J- p (E)/$Q where the pinning force 
density T P (E) is governed by the Eq.(6). Finally, for the 
total critical current density in dislocated thin films we 
get 



where 



J C (E) = J c (0) + J cd (O)iJ^ cos 9 
Eq 



Jc(0) - J cm - Jcd(0). 



(9) 
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According to the well-known 7 ' 8 estimates of J cm and 
Jcd(0) for thin YBCO films, we can put J cm ~ Jcd(0) — 
Jcd(0), that is J c (0) ~ Jcd(0). Using the experimen- 
tal values for the field-free (at zero gate voltage Vq) 
and field-induced (at gate voltages Vq = ±10V corre- 
sponding to the applied electric field of ±2.5 x 10 5 V/ cm) 
critical current densities obtained in SuFET-type mea- 
surements with YBCO thin films 1 , namely J c (0) = 
10 8 A/m 2 , J C (+10V) = 6x 10 7 A/m 2 , and J C (-10V) = 
1.2 x 10 8 A/m 2 , for an estimate of the threshold field Eq 
the above Eq.(9) predicts the value of 6 x 10 5 V/ cm which 
corresponds to the breakdown voltage Vq — 25V. Fur- 
thermore, using the fact that the thickness L of YBCO 
thin films in the experiments carried out by Mannhart et 
al. 1 was ca. 70 A, for the linear charge per length of dislo- 
cation we get the value q = e*/L = 2 x 10 -11 C/m, that 
is qb ~ 0.3e*. This is quite comparable with the typical 
values known for the usual ionic dislocated crystals 9 ' 10 . 
Moreover, in view of Eqs.(7) and (8), we can estimate 
the value of the static permittivity, e r , in screw dislo- 
cated YBCO thin films. Taking p = 10 10 cto- 2 for the 
maximum dislocation density observed in these films 1-3 , 
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we find e r = 0.01, which reasonably agrees with the typ- 
ical permittivities in ionic dislocated crystals 9,10 . Re- 
markably, as the threshold field E (see Eq.(7)) contains 
no specifically superconducting parameters, we can ex- 
pect that this mechanism will persist above T c , and will 
be practically insensitive to applied magnetic fields, in 
agreement with the observations 1-3 . 

In summary, a possible scenario for electric-field in- 
duced critical current enhancement recently observed in 
screw dislocated YBCO thin films 1 has been proposed 
based on the converse piezoelectric effect originated from 
a heavily defected medium of the superconducting films 
in an applied electric field. The magnitude of the effect 
was found to depend concurrently on the film thickness 
and the number of dislocations inside a superconductor. 
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